Loss of spiral ganglion neurons (SGNs) significantly contributes to hearing loss. Otic progenitor cell transplantation is a potential strategy to replace lost SGNs. Understanding how key transcription factors promote SGN differentiation in otic progenitors accelerates efforts for replacement therapies. A pro-neural transcription factor, Neurogenin1 (Neurog1), is essential for SGN development. Using an immortalized multipotent otic progenitor (iMOP) cell line that can self-renew and differentiate into otic neurons, NEUROG1 was enriched at the promoter of cyclin-dependent kinase 2 (Cdk2) and neurogenic differentiation 1 (NeuroD1) genes. Changes in H3K9ac and H3K9me3 deposition at the Cdk2 and NeuroD1 promoters suggested epigenetic regulation during iMOP proliferation and differentiation. In self-renewing iMOP cells, overexpression of NEUROG1 increased CDK2 to drive proliferation, while knockdown of NEUROG1 decreased CDK2 and reduced proliferation. In iMOP-derived neurons, overexpression of NEUROG1 accelerated acquisition of neuronal morphology, while knockdown of NEUROG1 prevented differentiation. Our findings suggest that NEUROG1 can promote proliferation or neuronal differentiation.
INTRODUCTION
Hair cells convert sounds into neural signals that are relayed to the brain by spiral ganglion neurons (SGNs). Sensorineural hearing loss due to noise overexposure causes hair cell loss, acute damage of synaptic terminals, and slow degeneration of the SGNs (Kujawa and Liberman, 2009 ). SGNs form synaptic connections with the mechanosensory hair cells (Rutherford and Moser, 2016) . Once lost, SGNs do not regenerate. Different strategies have been proposed for alleviating SGN-related hearing loss. Stem cell replacement therapy for SGNs has made significant progress over the past decade (Rivolta, 2015; Shi and Edge, 2013) . Using a gerbil model of SGN loss, engraftment of pluripotent stem cell-derived otic neural progenitors in the modiolus allows SGN differentiation, reforms the auditory circuit, and partially restores auditory function (Chen et al., 2012) . Identifying factors that promote SGN differentiation will accelerate cell replacement therapies.
A core group of transcription factors (TFs) that include SOX2, NEUROG1, and NEUROD1 play an important role during the early development of SGNs (Evsen et al., 2013; Jahan et al., 2015a) . NEUROG1 is a basic helix-loop-helix. Dimerization of NEUROG1 and E proteins allows binding of the heteromultimer to an E-box consensus DNA site (CANNTG) to promote transcription (Gamez et al., 2013; Huang et al., 2014; Ross et al., 2003) . NEUROG1 affects the neural development in both the CNS and the peripheral nervous system (Ma et al., 1998 (Ma et al., , 2000 . In the inner ear, NEUROG1 is initially expressed in the neural sensory competent domain at embryonic day 9.5 (E9.5), and fate mapping of these cells shows that NEUROG1 progenitors contribute to spiral and vestibular ganglion . Ablation of Neurog1 leads to a complete loss of SGNs in murine inner ear (Ma et al., 2000) . The presence of NEUROG1 early during neurogenesis suggests a role in progenitor expansion as well as neuronal differentiation. In addition to SGN development, NEUROG1 also affects hair cell development. Neurog1 mutant animals display smaller inner ear epithelia and fewer morphologically normal hair cells. The smaller sensory epithelia in Neurog1 mutants are due to a decrease in clonal expansion of hair cell precursors (Matei et al., 2005; Raft et al., 2007) . Together, these studies suggested that NEUROG1 may have multiple cellular roles during inner ear development, including proliferation and differentiation of inner ear progenitors.
NEUROG1 is part of a TF family composed of NEUROG1-3. Expression of the NEUROG family of TFs has been used to promote neuronal differentiation of different cell types. Expression of NEUROG2 in embryonic stem cells (ESCs) results in direct lineage conversion to functional induced neuronal cells. Expression of NEUROG1 alone or with other factors has been used to induce neurogenesis in pluripotent stem cells (Lunn et al., 2012) and from fibroblasts (Blanchard et al., 2015) . The neurogenin family members are potent TFs that direct differentiation of multiple cell types into neurons. However, in the inner ear NEUROG1 is unable to convert hair cells into neurons (Basch et al., 2011; Jahan et al., 2015b) . Changes in the chromatin landscape during inner ear development could affect NEUROG1 transcriptional activity.
During differentiation, transcription is epigenetically modulated by deposition of post-translationally modified histones within the nucleosome (Voigt et al., 2013) Modification of different histones has significant consequences in regulating transcription. Deposition of permissive trimethylation of lysine K4 (H3K4me3) marks at the promoter region is associated with active gene expression (Heintzman et al., 2007) . A broad domain of histone H3 trimethylation of lysine 27 (H3K27me3) enrichment across gene bodies corresponds to a repressed transcriptional domain, while peak enrichment of H3K27me3 at some promoters is associated with active transcription (Young et al., 2011) . The simultaneous deposition of H3K27me3 and H3K4me3, known as bivalent domains, at the promoter regions are associated with genes that are transcriptionally silent, but poised for rapid expression during differentiation in vivo and in vitro (Bernstein et al., 2006; Rugg-Gunn et al., 2010; Voigt et al., 2013) . As differentiation proceeds, many bivalent domains are resolved to a monovalent mark as inferred by comparing the epigenomic landscape of pluripotent and somatic cells (Mikkelsen et al., 2007) . Activated genes lose the repressive H3K27me3 mark and expand the H3K4me3 mark to the gene body with enrichment at the proximal promoter and immediately downstream of transcription start sites (TSSs) (Barski et al., 2007) . However, not all genes that lose the repressive H3K27me3 mark during lineage specification are activated (Rugg-Gunn et al., 2010) , suggesting an additional contribution of other histone marks for transcriptional regulation.
Other histone marks are deposited in the same region as H3K4me3 and H3K27me3 during lineage specification (Barski et al., 2007) and may act sequentially or in concert to regulate transcription. H3K9ac is an epigenetic mark present at actively transcribed genes and is also present in bivalent domains (Karmodiya et al., 2012) . H3K9me3, a histone mark associated with gene silencing and heterochromatin formation (Grewal and Elgin, 2002; Kouzarides, 2007; Rea et al., 2000) , is also present in a subset of bivalently marked promoters in ESCs (Bilodeau et al., 2009 ). H3K9ac and H3K9me3 may correlate with changes in transcriptional activity as observed during lineage specification of T cells (Allan et al., 2012) . To address how epigenetic changes affect the transcriptional regulatory networks during SGN differentiation (Fritzsch et al., , 2015 , we used an immortalized otic progenitor cell (iMOP) (Kwan et al., 2015) and determined how epigenetic changes reflected the role of NEUROG1 in proliferation and differentiation.
RESULTS
Differentiating iMOP Cells Are Post-mitotic and Exhibit Neuronal Markers iMOP cells can proliferate as colony-forming otospheres or differentiate into iMOP-derived neurons . Incorporation of nucleotide analog 0 -deoxyuridine]) and labeling with the neuronal b-tubulin (TUBB3) marker was used to assay for proliferation and differentiation. Proliferating iMOP cultures labeled with Hoechst ( Figure 1A ), EdU ( Figure 1B ), and TUBB3 (Figure 1C) revealed a large percentage of EdU-labeled cells with no TUBB3-labeled cells ( Figure 1D ). In contrast, differentiating cultures labeled with Hoechst ( Figure 1E ), EdU ( Figure 1F ), and TUBB3 ( Figure 1G ) showed few EdUmarked cells but displayed an abundance of TUBB3-labeled cells with bipolar and pseudo-unipolar neuronal processes ( Figure 1H ). Quantification of EdU-labeled cells showed (I) Percentage of EdU-and TUBB3-labeled cells in proliferating iMOP (n = 3) and iMOP-derived neurons (n = 3). Error bars denote ±SEM. **p < 0.01, ***p < 0.001. (J) Pairwise comparison of sequences from POLR2A, H3K4me3, and H3K27me3 ChIP-seq. Two biological replicates of each ChIP-seq sample were combined and used for analysis. Jaccard indices were listed for pairwise comparisons to show the extent of overlap.
27.0% in proliferating cultures and 3.7% in differentiating cultures. Quantification of TUBB3-labeled cells showed 0% in proliferating cultures and 86.5% in differentiating cultures ( Figure 1I ). These results suggested that the vast majority of iMOP-derived neurons are post-mitotic and express a neuronal marker. To identify regulated genes as proliferating iMOP cells differentiate into iMOP-derived neurons, we selected genes containing bivalent promoters. Chromatin immunoprecipitation sequencing (ChIP-seq) was performed on proliferating iMOP cells and enrichment of sequence reads from POL2RA, H3K4me3, and H3K27me3 ChIP-seq ±1 kb from the TSS was used as a correlate for binding at the promoter region. Pairwise comparison was done between individual ChIP-seq reads, and the Jaccard index (JI) was used to describe the extent of overlap. Comparison of H3K4me3 with POLR2A (JI = 0.15), H3K27me3 with POLR2A (JI = 0.30), and H3K4me3 with H3K27me3 (JI = 0.17) showed a significant overlap ( Figure 1J ). Genes that showed binding for POLR2A, H3K4me3, and H3K27me3 in the promoter region were identified as candidate genes that may be epigenetically regulated during differentiation (Table S5) .
Identification of Candidate Genes Involved in CellCycle and Neuronal Differentiation
Candidate genes with bivalently marked promoters were subjected to gene ontology analysis and shown to be involved in cell-cycle checkpoint, mitotic cell cycle, chromatin organization, regulation of neuron differentiation, and regulation of neuron projection development (Figure 2A) . A comprehensive list for the gene ontology analysis is provided in Table S6 . Genes associated with the biological processes of mitotic cell cycle and regulation of neuron differentiation could affect the cellular decision of iMOP cells to either proliferate or differentiate into neurons (Table S7 ). To determine whether this subset of genes could be targets of NEUROG1, we identified a predicted NEUROG1 binding site (Mathelier et al., 2016) (Figure 2B ). The predicted NEUROG1 binding site contained an E-box domain. To determine whether the promoter of these genes contained E-box sites, 1 kb of genomic sequence upstream of the TSS was obtained and curated for the presence of E-boxes for genes involved in mitotic cell cycle (Table S8) and regulation of neuron differentiation ( Table S9 ). Genes that contained E-boxes in the promoter region were potential direct targets of NEUROG1. For the mitotic cell cycle, Cdk2, a cell-cycle-dependent kinase activated upon cyclin (D) Enrichment of H3K9ac (active) or H3K9me3 (repressive) marks at the Cdk2 promoter region by ChIP-qPCR in proliferating iMOP (n = 3) and iMOP-derived neurons (n = 3). Background levels were determined by performing ChIP-qPCR with non-specific rabbit IgG control antibody. (E) ChIP-seq peaks for POLR2A, H3K4me3, and H3K27me27 at NeuroD1. Arrowheads indicate the approximate location of primers relative to the TSS used for ChIP-qPCR. (F) ChIP-qPCR of H3K9ac and H3K9me3 at the NeuroD1 promoter in proliferating progenitor (n = 3) and iMOP-derived neurons (n = 3). (G) ChIP-seq peaks for POLR2A, H3K4me3, and H3K27me27 at Pou5f1.
(H) ChIP-qPCR of H3K9ac and H3K9me3 at the Pou5f1 promoter in proliferating progenitors (n = 3) and iMOP-derived neurons (n = 3). Error bars denote ±SEM. **p < 0.01, ***p < 0.001. binding was identified. CDK2/cyclin complexes promote entry or progression into S phase. In neural stem cells, CDK2 helps the expansion of the progenitor pool prior to neuronal differentiation (Lim and Kaldis, 2012) . E-box consensus sequence has been described in the cis-regulatory domains for Cdk2 (Du et al., 2004) . For regulation of neuron differentiation, NeuroD1 was identified. NEUROD1 functions downstream of NEUROG1 and has been implicated in the transition from progenitor to a neuronal lineage (Evsen et al., 2013; Jahan et al., 2010; Ma et al., 1998; Rubel and Fritzsch, 2002) .
To visualize bivalently marked promoters, we plotted ChIP-seq reads at the genes of interest. We predicted that at bivalent promoters, the transcriptional activity of these target genes will be oppositely altered in proliferating and differentiating iMOP cells. As a correlate for transcriptional activity, H3K9ac (active) and H3K9me3 (repressive) marks were used for ChIP, and primers at H3K4me3 and H3K27me3 peaks in proximity to the TSS were used for qPCR. Enrichment of DNA after ChIP-qPCR was expressed as a percentage of input DNA. Background levels were determined by performing ChIP-qPCR using non-specific immunoglobulin G (IgG) antibodies. The largest percent enrichment of IgG antibodies was set as the baseline for ChIP-qPCR results. For Cdk2, both H3K4me3 and H3K27me3 were localized in the promoter region marked by POLR2A ( Figure 2C ). ChIP-qPCR of the Cdk2 promoter showed a reduction in H3K9ac when comparing proliferating iMOPs (64.2%) with iMOP-derived neurons (21.0%, p < 0.01). In contrast, an increase in H3K9me3 cells was observed when comparing proliferating iMOP (6.4%) with iMOP-derived neurons (19.3%, p < 0.01) ( Figure 2D ). At the NeuroD1 promoter, H3K4me3 and H3K27me3 were localized with POLR2A in two regions that could correspond to the TSS of two distinct Neurod1 variants. Two primer pairs were employed for ChIP-qPCR (Table S3) (Figure 2E) . Using a primer pair (NeuroD1_1) that anneals to the 5 0 TSS, ChIP-qPCR revealed an increase in H3K9ac in proliferating iMOPs (12.4%) compared with iMOP-derived neurons (42.1%, p < 0.001). In contrast, a decrease in H3K9me3 was observed in proliferating iMOPs (12.7%) compared with iMOP-derived neurons (5.6%, p < 0.01) ( Figure 2F ). Similarly, using a primer pair (NeuroD1_2) that annealed to the second TSS for ChIP-qPCR also showed an increase in H3K9ac mark in proliferating iMOPs (10.6%) compared with iMOP-derived neurons (36.8%, p < 0.001). A decrease in H3K9me3 was observed in proliferating iMOPs (10.6%) compared with iMOP-derived neurons (4.8%, p < 0.01) ( Figure S1 ). Since both primer pairs showed similar results, the primer pair at the 5 0 TSS (NeuroD1_1) was used for subsequent experiments. Pou5f1 (Oct4), a pluripotent marker that is not present in lineage restricted cells such as iMOP cells (Kwan et al., 2015; Rosner et al., 1990; Scholer et al., 1990; Takahashi et al., 2007) , was used as a negative control. Pou5f1 showed a broad H3K27me3 distribution, consistent with repressed expression of a pluripotency marker in iMOP cells ( Figure 2G ). ChIP-qPCR revealed that the Pou5f1 promoter in both proliferating and differentiating iMOP cells was essentially devoid of either H3K9ac or H3K9me3 ( Figure 2H ). The data suggest that the chromatin status is specific for the Cdk2 and NeuroD1 promoters and changes as iMOP cells transition from proliferation to differentiation.
Determining NEUROG1 Binding at Cdk2 and NeuroD1 Promoters
To determine whether NEUROG1 binds to the promoter of Cdk2 and NeuroD1, we performed ChIP-qPCR on endogenous and overexpressed NEUROG1. To control expression levels of NEUROG1, we used an inducible piggyBAC transposon system to generate stable cell lines (Li et al., 2013) . Stable cell lines containing an inducible Neurog1 with an EGFP reporter (PB-T-Neurog1) and an inducible EGFP reporter only (PB-T-EGFP) were created ( Figure 3A) . To ensure that endogenous NEUROG1 could be detected, lysates from proliferating and differentiating PB-T-EGFP and PB-T-Neurog1 cultured in the absence of doxycycline (Dox) were probed for NEUROG1 ( Figure S2A ). All cell lines showed detectable NEUROG1 expression levels (Figure S2B) . To determine the amount of Dox used to induce expression, we cultured PB-T-Neurog1 in varying amounts of Dox ranging from 0 to 2 mg/mL. The percentage of EGFP-positive cells in PB-T-Neurog1 line was also determined and plotted against different Dox concentrations ( Figure 3B ). Fluorescence from PB-T-Neurog1 cells with labeled with Hoechst ( Figure 3C ) and EGFP expression ( Figure 3D ) showed that the vast majority of cells (99.1%) was induced with 1 mg/mL Dox ( Figure 3E ). To quantify and determine the increase in Neurog1 transcript levels, we cultured PB-T-EGFP and PB-T-Neurog1 cells in the absence or presence of 1 mg/mL Dox and performed qPCR. All samples were normalized to PB-T-EGFP À Dox. PB-T-EGFP + Dox showed similar Neurog1 transcript levels. PB-T-Neurog1 À Dox showed slight elevation of Neurog1 transcript. However, NEUROG1 protein levels in PB-T-Neurog1 À Dox ( Figure S2A) were not significantly different to PB-T-EGFP À Dox ( Figure S2B ). PB-T-Neurog1 + Dox showed a significant increase in Neurog1 transcript levels compared with all other cultures (p < 0.001) (Figure 3F) . These results showed that addition of Dox increases Neurog1 transcript levels in the PB-T-Neurog1 stable cell line. To quantify NEUROG1 protein levels, we used PB-T-Neurog1 cells cultured in 0, 0.5, and 1 mg/mL Dox to detect NEUROG1 and ACTB by western blot ( Figure 3G ). NEUROG1 levels were normalized to ACTB and plotted relative to Dox concentrations. Increasing expression of NEUROG1 was observed with the addition of 0.5 mg/mL (5.3-fold) or 1 mg/mL (11.7-fold) Dox (Figure S2C) . Together, these results showed that addition of Dox to the culture medium upregulates NEUROG1 in PB-T-Neurog1 stable cell lines.
To determine whether endogenous and overexpressed NEUROG1 binds to the Cdk2 and NeuroD1 promoters, we performed ChIP-qPCR PB-T-EGFP and PB-T-Neurog1 cells cultured in 1 mg/mL Dox. An antibody recognizing NEUROG1 was used for ChIP, and primer pairs that annealed in the promoter regions of either Cdk2 or NeuroD1 were used for qPCR. Baseline levels for ChIP-qPCR were defined by using a non-specific IgG control. The amount of DNA enriched in each region was expressed as a percentage of input DNA. Enrichment of DNA by ChIP-qPCR using chromatin from either PB-T-EGFP or PB-T-Neurog1 cells was used to represent binding of endogenous or overexpressed NEUROG1, respectively. At the Cdk2 promoter, proliferating PB-T-EGFP (6.7%) or PB-T-Neurog1 (14.4%) cells showed enrichment above IgG control (1.5%, p < 0.001). Similarly, in iMOP-derived neurons, PB-T-EGFP (5.3%) or PB-T-Neurog1 (9.9%) cells showed enrichment above IgG control (0.22%, p < 0.001). Increased enrichment of NEUROG1 at the Cdk2 promoter was observed in PB-T-Neurog1 compared with PB-T-EGFP in proliferating iMOPs (p < 0.001) and iMOP-derived neurons (p < 0.05) ( Figure 3H ). At the NeuroD1 promoter, proliferating PB-T-EGFP (3.3%) or PB-T-Neurog1 (4.6%) cells showed enrichment above IgG control (0.3%, p < 0.001). Similarly, in iMOP-derived neurons, PB-T-EGFP (1.3%) or PB-T-Neurog1 (1.7%) cells showed enrichment above IgG control (0.1%, p < 0.001). Increased enrichment of NEUROG1 at the NeuroD1 promoter was observed in PB-T-Neurog1 compared with PB-T-EGFP in proliferating iMOPs (p < 0.01) ( Figure 3I ). At the Pou5f1 promoter, no enrichment was observed ( Figure S2D ). These results (H and I) ChIP-qPCR using NEUROG1 antibody in PB-T-EGFP and PB-T-Neurog1 cells after Dox induction at the (H) Cdk2 and (I) NeuroD1 promoter regions for proliferating progenitors and iMOPderived neurons (n = 3 for each condition). Error bars denote ±SEM. ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001.
suggest that endogenous and overexpressed NEUROG1are enriched at both the Cdk2 and NeuroD1 promoter regions.
Overexpression of NEUROG1 Promotes Proliferation
Since NEUROG1 showed binding to the Cdk2 promoter, we wanted to determine whether overexpression of NEUROG1 could increase CDK2 levels to promote proliferation. Proliferating PB-T-EGFP and PB-T-Neurog1 cells were cultured in the presence or absence of Dox. Otospheres from cultures were collected every other day for 7 days, dissociated, labeled with Hoechst, and counted ( Figure 4A ). The increasing numbers of nuclei at each time point was used to calculate the doubling time for each culture. A significant decrease in doubling time (p < 0.01) was observed in PB-T-Neurog1 + Dox compared with all the other cultures ( Figure 4B ). Labeling with the NucRed dead cell marker did not show significant differences in dead cells between the cultures ( Figures  S3A-S3D ). These results show that overexpression of NEUROG1 increases proliferation.
To determine whether increased proliferation was due to increased number of cells undergoing DNA replication, we performed EdU incorporation. PB-T-EGFP and PB-T-Neurog1 cells were cultured in the presence or absence of Dox before EdU incorporation and Hoechst labeling. Hoechst-and EdU-labeled nuclei from PB-T-EGFP -Dox ( Figure 4C ), PB-T-EGFP + Dox ( Figure 4D ) and PB-T-Neurog1 -Dox (Figure 4E) cultures showed similar EdU-labeled cells while PB-T-Neurog1 + Dox cultures showed increased numbers of EdU-labeled cells ( Figure 4F ). Using Hoechst-labeled nuclei as an indicator of the total number of cells, the relative percentage of cells compared with PB-T-EGFP -Dox was determined. A significant increase in percentage of cells from PB-T-Neurog1 + Dox (167%, p < 0.01) cultures compared with all the other cultures was observed ( Figure 4G ). Hoechst-and EdU-labeled images were used to determine the percentage of EdU cells relative to PB-T-EGFP -Dox. PB-T-Neurog1 + Dox cultures showed a significant increase in the percentage of EdU-labeled cells (69%, p < 0.001) compared with other cultures ($31%) ( Figure 4G ). To determine whether changes in either Cdk2 or NeuroD1 transcripts could be attributed to increased proliferation, we performed qPCR. In all the cultures, NeuroD1 levels were not significantly different. However, a significant increase in Cdk2 transcript levels in PB-T-Neurog1 + Dox cultures was observed compared with other cultures (2.12, p < 0.001) ( Figure 4H ). To determine whether CDK2 protein levels were upregulated after NEUROG1 overexpression, we harvested PB-T-EGFP + Dox and PB-T-Neurog1 + Dox cultures and compared CDK2 levels by western blot ( Figure 4I ). CDK2 levels were normalized to ACTB and compared to PB-T-EGFP + Dox. A significant increase in CDK2 levels was observed in PB-TNeurog1 + Dox (10.4-fold, p < 0.01) ( Figure 4J ). Similarly, comparing PB-T-Neurog1 À Dox with PB-T-Neurog1 + Dox cells also showed an increase in CDK2 protein levels after addition of Dox ( Figure S3E) . A significant increase in CDK2 levels was observed in PB-T-Neurog1 + Dox (9.1-fold, p < 0.01) compared with PB-T-Neurog1 À Dox (Figure S3F ). Together these results suggest that overexpression of NEUROG1 upregulates CDK2 and could increase proliferation of iMOP cells.
Knockdown of Neurog1 in Self-Renewing iMOP Cells Decreases Proliferation
To determine whether Neurog1 knockdown in proliferating iMOP cells could decrease proliferation, we transduced cells with Neurog1 short hairpin RNA (shRNA) or scrambled shRNA. Since lentiviral vectors contained a selectable blasticidin resistance cassette, cells were transduced and selected in blasticidin before performing EdU incorporation. In the scrambled shRNA control, 28.1% EdU-labeled cells were observed ( Figure 5A ). Neurog1 shRNA knockdown displayed a significant decrease to 5.1% of EdU-labeled cells (p < 0.001) ( Figure 5B ). These results suggest that NEUROG1 is required for normal S-phase entry in proliferating iMOP cells. To ensure that Neurog1 shRNA knockdown did not cause cell death, we labeled scrambled shRNA and Neurog1 shRNA cultures with a dead cell marker (NucRed). NucRed labeling showed similar percentages of dead cells in scrambled shRNA (1.2%) ( Figure 5C ) and Neurog1 shRNA transduced cells (1.1%) ( Figure 5D ). To determine the effect on cell numbers after Neurog1 knockdown, the average cell numbers per field of view (FOV) were determined. Relative to scrambled shRNA (553.5 cells/FOV), Neurog1 shRNA knockdown (178.3 cells/FOV, p < 0.01) resulted in decreased cell numbers ( Figure 5E ). In proliferating iMOP cultures, the size of the otospheres correlates to proliferation. Confocal images were taken from Hoechst-labeled otospheres, and the largest crosssectional area of the otosphere was used as an indicator of sphere size. The average cross-sectional area of scrambled shRNA (5,409 mm 2 ) was compared with Neurog1 shRNA transduced cells (1,194 mm 2 ). Otospheres after Neurog1
shRNA knockdown showed a significant decrease in cross-sectional areas (p < 0.01) ( Figure 5F ). To determine relative changes in transcript levels after Neurog1 knockdown, we performed qPCR on scrambled shRNA and Neurog1 shRNA transduced cells. A significant decrease was observed in Neurog1 transcript after Neurog1 shRNA knockdown (0.09, p < 0.001) compared with scrambled shRNA. Cdk2 transcript levels were also decreased after Neurog1 shRNA (0.45, p < 0.05) while NeuroD1 was not significantly altered ( Figure 5G ). To determine NEUROG1 and CDK2 protein levels after transduction with Neurog1 shRNA, we performed western blotting. A decrease in both NEUROG1 and CDK2 levels was observed after Neurog1 shRNA knockdown compared with scrambled shRNA transduced cells ( Figure 5H ). To quantify the decrease in expression, we normalized NEUROG1 and CDK2 protein levels to ACTB. Neurog1 shRNA transduced cells showed a significant decrease in relative NEUROG1 (0.34, p < 0.05) and CDK2 (0.27, p < 0.01) protein levels relative to scrambled shRNA ( Figure 5I ). These results suggest that NEUROG1 regulates CDK2 expression in proliferating iMOP cells.
CDK2 Functions Downstream of NEUROG1
To determine whether CDK2 functions downstream of NEUROG1 to promote proliferation, we overexpressed NEUROG1 while inhibiting CDK2 function. For inhibition of CDK2, the small molecule K03861 or roscovitine was employed. K03861 competes with cyclin binding to inhibit CDK2 kinase activity (Alexander et al., 2015) . Roscovitine is a selective inhibitor of CDC2, CDK2, and CDK5 (Meijer et al., 1997) . To determine the concentration of K03861 used, we treated unmodified iMOP cells with 0-5 mM of K03861 and determined the relative percentage of cells compared with untreated samples ( Figure S4A ). K03861 decreased cell numbers starting at 0.1 mM and plateaued around 1 mM ( Figure S4B ). Using these two concentrations, PB-T-Neurog1 + Dox cultures were treated with either 0.1 or 1 mM of K03861 before EdU incorporation was performed.
Compared with PB-T-Neurog1 + Dox cultures ( Figure 6A ), a decrease in EdU-labeled nuclei was observed after treatment with 1 mM K03861 ( Figure 6B ). Relative to control cultures, a decrease in the percentage of cells was observed after treatment with 0.1 mM (43%, p < 0.001) or 1 mM (17%, p < 0.001) K03861. Similarly, the percentage of EdU-labeled nuclei decreased significantly from control (63%) after treatment with 0.1 mM (44%, p < 0.5) or 1 mM (9%, p < 0.001) K03861. To determine the concentration of roscovitine to inhibit proliferation, we treated iMOP cells with 0-1 mM roscovitine and determined the relative percentage of cells compared with untreated cultures (Figure S4C) . A decrease in cell numbers was observed from 0.1 to 1 mM roscovitine. Compared with control, quantification showed a decreased percentage of cells after treatment with 0.1 mM (49%, p < 0.01), 0.5 mM (23%, p < 0.001), and 1 mM (1%, p < 0.001) roscovitine ( Figure S4D ). In control PB-T-Neurog1 + Dox cells, a large percentage of EdU-labeled cells was observed (58.2%) (Figure S4E) . Treatment with 1 mM roscovitine decreased EdU-labeled cells (0.3%, p < 0.001) ( Figure S4F ). These results suggest that CDK inhibitors prevent increased proliferation after NEUROG1 overexpression. To determine whether CDK2 specifically contributes to increased proliferation after NEUROG1 overexpression, we employed Cdk2 small interfering RNA (siRNA). PB-T-Neurog1 + Dox cells were transfected with Cdk2 siRNA or scrambled siRNA before EdU incorporation. Hoechst and EdU labeling was performed on PB-T-Neurog1 + Dox cells transduced with scrambled siRNA ( Figure 6E ) or Cdk2 siRNA ( Figure 6F ). Relative to scrambled siRNA, Cdk2 transcript levels decreased after transfection with Cdk2 siRNA (0.39, p < 0.001) ( Figure 6G ). Cdk2 siRNA transfected cultures showed a decrease in the percentage of cells (39%, p < 0.001) relative to scrambled siRNA ( Figure 6H ). Similarly, compared with scrambled siRNA control (57%), the percentage of EdU-labeled cells was lower after Cdk2 siRNA treatment (32%, p < 0.05) ( Figure 6I ). Together, these data suggest that CDK2 functions downstream of NEUROG1 to promote proliferation. (G) Relative Neurog1, Cdk2, and NeuroD1 transcript levels in scrb shRNA (n = 3) or Neurog1 shRNA (n = 3) transduced cells. (H) Western blot of NEUROG1, CDK2, and ACTB after transduction with scrb shRNA (n = 3) or Neurog1 shRNA (n = 3). (I) Relative NEUROG1 (n = 3) and CDK2 (n = 3) levels from western blots. Error bars denote ±SEM. ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001.
Overexpression of Neurog1 in Differentiating iMOPs Accelerates Differentiation
In pluripotent stem cells, overexpressing NEUROG1 robustly promotes neuronal differentiation (Blanchard et al., 2015; Kim et al., 2004; Velkey and O'Shea, 2013) . To find out whether NEUROG1 overexpression promotes the acquisition of neuronal fate in differentiating iMOP cells, we compared PB-T-EGFP + Dox, PB-T-Neurog1 -Dox, and PB-T-Neurog1 + Dox cultures that were undergoing neuronal differentiation. Differentiating PB-T-EGFP + Dox cultures showed that the vast majority of cells expressed EGFP after 3 days of Dox induction. In PB-T-EGFP + Dox cultures, 65.6% of cells were marked with TUBB3 but most did not have neurites ( Figure 7A ). PB-TNeurog1 -Dox showed no EGFP expression. Hoechst and TUBB3 labeling revealed that 63.3% expressed the neuronal marker but did not have neurites ( Figure 7B ). PB-T-Neurog1 + Dox showed EGFP expression, and 92.0% of cells labeled with TUBB3 had bipolar and pseudo-unipolar processes ( Figure 7C ). These results suggested that NEUROG1 may accelerate the rate at which cells acquire a neuronal cell fate. To determine the time course that cells acquire neuronal morphology, we quantified the percentage of TUBB3 cells after Dox induction for both PB-T-EGFP and PB-T-Neurog1 at different time points (days 0, 1, 3, and 7) after initiating neuronal differentiation. The percentage of TUBB3-labeled cells were determined for PB-T-EGFP + Dox and PB-T-Neurog1 -Dox and PB-T-Neurog1 + Dox cells at individual time points. PB-T-EGFP + Dox and PB-T-Neurog1 -Dox showed similar increases in TUBB3-labeled cells. Overexpression of NEUROG1 in PB-T-Neurog1 showed a faster acquisition of TUBB3-labeled cells. Comparing the cultures, overexpression of NEUROG1 in PB-T-Neurog1 + Dox cultures increased the percentage of TUBB3 labeled at day 1 (p < 0.05) and day 3 (p < 0.01) compared with PB-T-EGFP + Dox and PB-T-Neurog1 -Dox ( Figure 7D ). To quantify the effects on NEUROG1 downstream targets, we determined relative transcript levels for NeuroD1 and Cdk2 for PB-T-EGFP -Dox, PB-T-Neurog1 -Dox, and PB-T-Neurog1 + Dox cultures. Overexpression of NEUROG1 increased transcript levels for NeuroD1 (3.84, p < 0.05) but not Cdk2 ( Figure 7E ). These results suggest that overexpression of NEUROG1 accelerates neuronal differentiation.
Knockdown of Neurog1 in Post-mitotic Cells Prevents Differentiation To verify that NEUROG1 is required for neuronal differentiation, we performed Neurog1 shRNA knockdown in differentiating iMOP cells. In scrambled shRNA cells, Hoechst-labeled nuclei showed NEUROD1 expression and TUBB3-labeled cells possessed bipolar and pseudo-unipolar neurites ( Figure 7F ). In contrast, Neurog1 shRNA knockdown dramatically decreased the number of NEUROD1-and TUBB3-labeled cells ( Figure 7G) . A decrease in TUBB3-marked cells in scrambled shRNA (89.7%) compared with Neurog1 shRNA (32.1%, p < 0.01) cells was observed. A drastic decrease of NEUROD1-expressing cells was also observed when comparing scrambled shRNA (62.4%) with Neurog1 shRNA (1.7%, p < 0.01) cells. Finally, cells labeled with both TUBB3 and NEUROD1 showed a decrease in scrambled shRNA (60.3%) compared with Neurog1 shRNA (1.2%) cells ( Figure 7H ). To determine the changes in transcript levels after Neurog1 shRNA knockdown, we performed qPCR. Neurog1 shRNA showed a significant decrease in Neurog1 transcript (0.03, p < 0.001) compared with scrambled shRNA cells. Neurog1 shRNA knockdown also significantly decreased NeuroD1 levels (0.03, p < 0.001) compared with scrambled shRNA control. In contrast, relative Cdk2 transcript levels were similar between scrambled and Neurog1 shRNA cells (Figure 7I) . These results suggest that under differentiation conditions, NEUROG1 regulates expression of NEUROD1 during neuronal differentiation, as previously shown (Pan et al., 2012) . 
DISCUSSION

NEUROG1 Promotes Proliferation or Differentiation Depending on the Cellular Context
In the inner ear, expression of NEUROG1 progenitors from the neurosensory domain as well as in early differentiated neurons Ma et al., 1998 Ma et al., , 2000 suggests that NEUROG1 functions in both cell types. Bromodeoxyuridine incorporation marks proliferating cells at E9.5 to E11.5 in the developing cochlea but did not mark developing SGNs in Neurog1 mutant animals (Matei et al., 2005) . This suggests that Neurog1 plays a role in proliferation during SGN development. However, in pluripotent stem cells, overexpression of Neurog1 has been exclusively attributed to promoting neuronal differentiation (Busskamp et al., 2014; Kim et al., 2004; Velkey and O'Shea, 2013; Zhang et al., 2013) . Our findings reconciled these facts, and show that NEUROG1 function can promote proliferation or neuronal differentiation. The latter may in large part be through upregulation of NEUROD1 (Ma et al., 1998; Jahan et al., 2015b) 
NEUROG1 Function Correlates with Epigenetic Changes
From the ChIP-qPCR results, NEUROG1 binds to the promoter region of Cdk2 and NeuroD1 in proliferating and differentiating iMOP cells. The differences in enrichment of NEUROG1 at Cdk2 and NeuroD1 may be attributed to differences in the DNA sequence flanking E-box sites (Gordan et al., 2013) . Changes in chromatin may also affect the accessibility to these E-box sites and alter binding affinity of NEUROG1. In proliferating iMOP cells, H3K4me3 and H3K27me3 histone marks are present at the promoters of Cdk2 and NeuroD1, suggesting that these genes are in a poised transcriptional state and could be subjected to additional epigenetic or transcriptional regulation. Our results suggest that changes in H3K9ac and H3K9me3 deposition at Cdk2 and NeuroD1 promoters in otic progenitors explain how NEUROG1-dependent transcription increases Cdk2 during proliferation and NeuroD1 during differentiation.
NEUROG1 Promotes Proliferation by Upregulating CDK2
Although NEUROG1 is expressed in delaminating neural precursors of the inner ear (Matei et al., 2005) , its function in regulating proliferation has not been described (Doetzlhofer et al., 2004; Nagtegaal et al., 2015) . Here we show that NEUROG1 contributes to cellular proliferation in otic progenitors by regulating CDK2 levels. As a member of the cyclin-dependent kinase family, CDK2 plays an important role in promoting cell-cycle progression in neural cell types. In neural stem cells, ablation of Cdk2 impairs proliferation of neural progenitor cells located in the subventricular zone of the adult brain (Jablonska et al., 2007) . The involvement of NEUROG1 in proliferation agrees with the observation that some neuroectodermal tumors express NEUROG1 (White et al., 2012) . We propose that overexpression of NEUROG1 can promote proliferation by increasing CDK2 levels.
ASCL1 is a proneural TF that potently converts embryonic fibroblasts into functional induced neuronal cells (Chanda et al., 2014; Pang et al., 2011) . Similar to our findings, ASCL1 can act in a non-canonical manner to promote proliferation. Characterization of genome-wide ASCL1 binding sites revealed a large number of target genes involved in neuronal differentiation but also in cell-cycle progression (Castro et al., 2011) . In the developing embryonic mouse brain, acute deletion of ASCL1 in the subventricular zone of the ventral telencephalon decreased proliferation of intermediate progenitors, suggesting that ASCL1 normally regulates proliferation in these cells (Castro et al., 2011) , while overexpression of ASCL1 promotes proliferation . Overexpression of NEUROG2, a member of the neurogenin family, has been extensively used to generate functional neurons from human pluripotent stem cells (Zhang et al., 2013) . NEUROG2 has also been shown to transiently promote a rapidly self-renewing state in developing cortical neural progenitor cells (Hagey and Muhr, 2014) . We propose that NEUROG1, like the aforementioned proneural TFs, has a non-canonical function in promoting proliferation of otic progenitors.
Decrease in CDK2 levels by NEUROG1 knockdown resulted in fewer cells entering S phase. We propose that compensation from other CDKs allows continued proliferation of iMOP cells, albeit at a much slower rate. This is similar to the observation that mouse embryos lacking all interphase CDKs (CDK2, CDK3, CDK4, and CDK6) still develop to mid-gestation because Cdk1 alone can drive the cell cycle by complexing with all the phase-specific cyclins (Santamaria et al., 2007) . Although CDKs are redundant, mutations for one CDK or cyclin may show cell-typeor tissue-specific defects or abnormalities at specific stages of development. A decrease in CDK2 levels in Neurog1 mutant animals could result in decreased expansion of the progenitor pool during inner ear development and contribute to the absence of cochlear neurons in Neurog1 mutant animals.
Regulation of NEUROG1-Dependent Transcription through Epigenetic Modulation
Under different culture conditions, NEUROG1 is essential for cell proliferation and neuronal differentiation of iMOP cells. These results have implications in using NEUROG1 for therapeutic purposes. Our results suggest that the epigenetic status of NEUROG1 target genes affect transcription. Understanding how overexpression of NEUROG1 in different cell types that harbor different epigenetic landscapes could affect the design of cell conversion-based therapies. The conversion and directed differentiation of cell types into induced neuronal cells using TFs have varying conversion efficiencies (Mertens et al., 2016) which could partly be attributed to the epigenetic status of target genes. The epigenetic status of Cdk2 or NeuroD1 promoters may affect the number of proliferating or differentiating cells after NEUROG1 overexpression. Controlling the epigenetic state of target genes and changing it to either the permissive or repressive chromatin state before overexpression of NEUROG1 will help to enhance differentiation and prevent unwanted proliferation.
EXPERIMENTAL PROCEDURES
Cell Culture and Generation of Stable iMOP Cell Lines iMOP cells were cultured as described by . iMOP doxycycline inducible stable cell lines were generated using the piggyBAC transposon system (Li et al., 2013) .
Immunofluorescence Staining
Immunostaining of iMOP cells was previously described (Kwan et al., 2015) . The antibodies used for immunostaining are listed in Table S1 .
ChIP-Seq and ChIP-qPCR
ChIP-seq was accomplished as described by Kwan et al. (2015) using antibodies listed in Table S1 . ChIP-qPCR was done on immunoprecipitated DNA using primer pairs that amplify the promoter region in the specified genes. Primer pairs are listed in Table S2 .
mRNA Expression Analysis
Total RNA was extracted using TRIzol reagent (Life Technologies) according to the manufacturer's instructions. RNA (1 mg) was used to make cDNA using the qScript cDNA synthesis kit (Quanta Biosciences) according to the manufacturer's instructions. Relative levels of cDNA were measured by real-time qPCR using SYBR green Taq polymerase (Life Technologies) for 40 cycles of 95 C for 15 s, and 60 C for 1 min using the StepOnePlus real-time PCR machine. Three biological replicates, each with technical triplicates were used for each qPCR sample. Primer pairs used for qPCR are listed in Table S3 .
Use of shRNA, siRNA, and Small Molecule Three different shRNAs designed to target murine Neurog1 transcript in the pLKO.1 containing puromycin resistance cassettes were purchased from Sigma and tested for their ability to knock down Neurog1 transcript. shRNA sequences against Neurog1 are listed in Table S4 . CDK2 inhibitors ricovitine (Sigma) and K03861 (Selleckchem) were resuspended according to the manufacturers' protocols. Inhibitors were used to culture cells for 3 days at the specified concentrations. For extended and detailed procedures, see Supplemental Experimental Procedures.
ACCESSION NUMBERS
The H3K4me3 and H3K27me3 ChIP-seq data have been deposited in the GEO under GEO: GSE102733. 
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